Laser-assisted chemical modification is demonstrated on ultra-thin transition-metal dichalcogenides (TMDs), locally replacing selenium by sulfur atoms. The photo-conversion process takes place in a controlled reactive gas environment and the heterogeneous reaction rates are monitored via in situ real-time Raman and photoluminescence spectroscopies. The spatially localized photo-conversion resulted in a heterogeneous TMD structure, with chemically distinct domains, where the initial high crystalline quality of the film is not affected during the process. This has been further confirmed via transmission electron microscopy as well as Raman and Photoluminescence spatial maps. Our study demonstrates the potential of laser-assisted chemical conversion for on-demand synthesis of heterogeneous two-dimensional materials with applications in nanodevices.
Laser-assisted modifications have emerged as an alternative and reliable technique for local tailoring of the chemical, structural, optical and electrical properties in a variety of nanomaterials. [1] In particular, for layered and two-dimensional materials, [2] [3] [4] [5] [6] laser-thinning of layered MoS2 [2, 3] , WS2 [2] and WSe2 [6] have proven to be an efficient way to produce on-demand monolayer films. Additionally, laser induced site-specific doping of ultrathin MoS2 and WSe2 in a phosphine environment [4] has been demonstrated, facilitating the localized modification of the intrinsic photoluminescence as well as the electrical response in a 2D device configuration.
Enhancement of the electrical conductivity of WSe2 monolayer was observed during the laser assisted oxygen-passivation of chalcogen vacancies. [6] Local oxidation using a focused laser beam was also demonstrated to be effective in modifying the photo response of phosphorenebased 2D devices [5] . Additionally, a laser patterning technique has been employed to fabricate micro-supercapacitors using paintable graphene [7] and MoS2 film [8] . The success of the abovementioned experiments suggests that post-growth laser-assisted methods can become a reliable route to tailor the physicochemical properties of 2D materials. However, other than inducing evaporation, oxidation or doping, the potential of post-growth laser assisted method is yet to be verified for in-situ changing of the chemical composition of transition metal dichalcogenides, such as creating localized ternary alloys, or even completely replacing the chalcogen atoms. Here, we report the successful laser-induced chemical modification of suspended TMD monolayer films via local exchange of the chalcogen atoms; selenides to sulfides. With the proposed method, total or partial replacement of the chalcogen atoms was achieved, in both WSe2 and MoSe2 suspended films. The time constants associated with the different photo-chemical mechanisms involved in the conversion process were studied by in situ monitoring the Raman and photoluminescence spectra of the samples. Our results suggest that post-growth laser-induced chemical modifications could be considered as an alternative route for the fabrication of spatially localized ternary alloys and in-plane 2D heterostructures in a controlled gas environment. A schematic representation of the photo-induced chemical reaction as well as the experimental setup are shown in Figure 1 . The process takes place within a home-made sealed stainless steel mini-chamber with a controlled gas environment, H2S in this case. An optically transparent quartz window allows to focus the laser beam on the sample surface (WSe2 or MoSe2)
inside the chamber. The laser irradiation plays a double role in creating selenium vacancies via local heating and dissociating the H2S gas molecules which further take part in the chemical exchange ( Figure 1a ). The wavelength of the laser, power, exposure time, and the composition of the reactive atmosphere are the main parameters that directly affect the photo-conversion process. We evaluated the effect of different laser wavelengths (632 nm, 532 nm and UV light) on the photo-conversion yield. The excitation wavelength of 532nm produced the best results, whereas no chemical conversion was observed with the 632 nm laser. Exposure to UV light, on the other hand, induced uncontrolled and delocalized dissociation of the H2S molecule resulting in sulfur deposition over the entire sample surface and on the quartz optical window. Hydrogen and sulfur generation by photolysis of H2S gas molecules under UV radiation have been extensively studied in the past.
[9]
Figure 2. PL spectra of as-grown (green curves) and laser-healed (blue curves) samples of (a) WSe2 and (b) MoSe2. All the spectra were taken on suspended films.
The laser power was found to be a critical parameter. Very high laser power (> 1 mW) irreversibly damage the sample crystal structure. On the other hand, low laser power (< 0.3 mW)
do not contribute significantly to the removal of selenium atoms and subsequent creation of chalcogen vacancy that are needed for the chemical exchange. Nevertheless, samples irradiated with low laser powers (~0.3 mW) improved the photoluminescence efficiency without notable shift of the PL peak position (Figure 2 ), suggesting that although no significant chemical conversion happened, the number of non-radiative recombination centers (e.g. vacancies and defects) was reduced or passivated for this range of laser power. Both WSe2 (Figure 2a ) and MoSe2 ( Figure   2b ) monolayers displayed increased PL intensity after several minutes of laser exposure in the presence of H2S atmosphere. Atomic healing of chalcogen vacancies at low laser powers, in the presence of oxygen, have been previously reported [6] . In our case, the H2S rich environment facilitates the incorporation of sulfur atoms to passivate the selenium vacancies already existing in the as-grown TMD material. Small amounts of sulfur (< 1%) are not expected to significantly affect the PL peak position; however, in some samples, a small PL peak shift (~50 meV) to higher energies was observed. Although this small shift could be associated with a transition from trions to free excitons due to neutralization of defect-related doping, alloying with low sulfur composition cannot be ruled out. H2S dissociates at high temperatures (>900 o C); [10] hence the increase in sample temperature due to irradiation with low laser powers might not be sufficient to dissociate the H2S molecule. However, the selenium vacancies already present in the CVD-grown film can act as localized centers to catalyze the H2S molecule dissociation. Previous reports have also shown the efficient dissociation of H2S molecule at significantly lower temperatures in the presence of catalysts. [11] An intermediate laser power of 0.7 mW was found to be optimal for inducing photo- , [12] for clarity in this manuscript we will refer to this peak simply as A1g. In WS2 the frequency of the A1g phonon mode is around 420 cm -1 and is sensitive to the number of layers. [12, 13] For alloys (WSe2(1-x)S2x) this frequency can vary between 402 cm -1 and 420 cm -1 as a function of x. [14] The E ) modes in WS2 are very close in frequency and their peaks often overlap, their positions are not significantly affected by number of layers [13] or composition, [14] but the intensity of the 2LA mode is higher when the excitation wavelength is close to a double resonant condition.
[13] corresponding to WS2, increased with time, which can be associated with subsequent incorporation of sulfur atoms into the TMD crystal lattice. As mentioned above, slight variations of the A1g peak position with respect to previous reports [13] can be attributed to alloying effects [14] during the photo-conversion process. The time-dependent data for the WSe2 and WS2 Raman intensities were best fitted to a double exponential decay (equation 1) and a single exponential function (equation 2), respectively. Since the shortest time constant (1) does not change significantly with the gas environment (see table 1 ), 1 could be related to the first mechanism (thermal evaporation of Se). The second time constant (2) is reduced to half when hydrogen is added to the gas environment, suggesting that 2 characterizes the second mechanism. Even when only H2S is used as reactive atmosphere, the hydrogen released after dissociation of H2S molecules will be available to react with Se atoms creating new vacancies, but in less proportion. In fact, the presence of hydrogen accelerates the formation of Se vacancies, as indicated by the reduction of the time constant (3) associated with the sulfur incorporation (see table 1 ). Notice that, as expected, the time constants obtained for both phonon modes (A1g and E 1 2g) of WS2 have very close values. In both experiments, the intensity of the Raman peak for WSe2 is never completely reduced to zero, one possible explanation for these results could be due to the Gaussian intensity distribution of the laser spot;
outer regions of the spot might not receive sufficient power to completely activate the photoconversion process, but still contribute to the collected Raman signal. Another reason could be the presence of few-layer WSe2 fragments that are more stable and difficult to convert into WS2 than the monolayer WSe2. Table 1 . Time constants obtained from fitting the time-dependent data in Figure 3a and 4a, to eq.(1) and eq.(2).
Gas
Phonon Mode
H2S+H2
(WSe2) A1g 13 ± 2 162 ± 10
The PL spectra were acquired only at certain times during the experiments. The PL spectra of the suspended WSe2 films used in the photo-conversion experiments (top of Figure 3c and 4c), shows a strong peak around 760 nm consistent with monolayer WSe2, the asymmetric shape of the peak toward lower energies suggests that the film also contains a small fraction of bilayer regions. When the photo-conversion took place in pure H2S gas (Figure 3c ), the highest PL peak shifted from 760 nm (1.63 eV) to 645 nm (1.92 eV) in 4 minutes, and after 34 minutes slightly shifted to 640 nm (1.94 eV). This suggests that the main chemical conversion happens during the initial 4 -6 minutes of the process, which agrees with the time-dependent Raman data.
The final position of the PL peak at 1.94 eV is consistent with a high sulfur content (x~ 0.9) WSe2(1-x)S2x ternary alloy. [14] When H2 was also present in the gas environment (Figure 4c ), the PL peak position shifted to 653nm (1.90 eV) after 2 min., and at the end of the process (after 34 min) the PL peak position was at 617 nm (2.01 eV), suggesting a complete conversion from WSe2 to WS2
at the center of the laser spot. A weak PL band (magnified black curves in Figure 3c and 4c) was observed between 730 -800 nm (1.70 -1.55 eV) after the conversion experiments. This low energy band could be related to a combination of PL from small regions of bilayer WSe2 and/or from alloyed regions, with low-sulfur content, in the outer ring of the laser spot that were exposed to lower power due to the Gaussian intensity profile of the laser, this is in agreement with the Raman observations discussed above.
The spatial PL intensity maps ( Figure 5 ) confirm that the exchange of chalcogen atom only took place in a region confined to the laser spot. Figure 5b show a map of the intensity ratio for the main PL peaks of WS2 and WSe2 (I2.00eV / I1.63eV), corresponding to the experiment performed in H2S+H2+Ar atmosphere. In this map, regions where the PL emission from monolayer WS2 is very intense appear in red, while the blue regions consist of unaltered WSe2. Figure 5c show normalized PL spectra taken at different positions along the dashed line in Figure 5b . The position of the PL peak (615 nm) within the chemically converted region is consistent with pure WS2 (~2.0 eV). Figures 5d, 5e and 5f show a similar analysis for the sample processed in the H2S
atmosphere. In this case, the PL peak position within the photo-converted region varies between 641 -652 nm (1.94-1.92 eV) which suggests the formation of a sulfur rich ternary alloy (0.8<x<0.9
). [14] In general, the PL signal at the WS2 converted-regions is stronger than the PL from the WSe2 film, this is also consistent with the higher signal-to-noise ratio observed for the normalized PL spectra corresponding to WS2 region (Figure 5c ). The fact that the WS2 obtained from the photoconversion process is a strong PL emitter suggests that little or no damage was introduced in the crystal lattice; since high concentration of crystalline defects could had reduced the overall PL yield. The crystallinity and chemical composition, at the regions exposed to the laser, were further characterized by Z-contrast scanning transmission electron microscopy (STEM) ( Figure   6a and 6b) using a high-angle annular dark field (HAADF) detector and electron energy loss spectroscopy (EELS) (Figure 6e and 6f) . In Z-contrast STEM images with atomic-resolution, the relative scattered electron intensities at the different atomic positions can be used to identify the metal sites (W in this case) as well as different combinations of the chalcogen atoms (i.e. S2, Se2
or SSe) in monolayer TMDs. [15] [16] [17] Figure 6a shows an atomic-resolution STEM image from a region close to the center of the laser spot, revealing the high-quality single crystal structure that was preserved after photo-conversion in the H2S+H2+Ar atmosphere. The corresponding electron intensity histogram (Figure 6c ) displays only two intensity maxima associated to the S2 sites (500-1000 a.u.) and W sites (2250-3000 a.u.), suggesting an almost complete replacement of selenium atoms by sulfur at the center of the laser spot. A region located around 500 nm away, also presents high crystalline quality (Figure 6b ). Its electron intensity histogram (Figure 6d ), however, contains four different features, three associated with the distinct chalcogen atoms site configurations (S2, SeS and Se2) and one feature for the W sites, characteristic of a WS2xSe2(1-x) ternary alloy. As discussed above, the formation of a ternary alloy originates from partial conversion in the outer region of the Gaussian spot with less laser power.
EELS spectra for the sulfur L-edge (Figure 6f ), selenium L-edge and tungsten M-edge ( Figure 6e) were also acquired at different positions relative to the laser spot; i.e. close to the center (green), at the outer ring (red) and in a region not exposed to the laser (black). We can see that as we approach the center, the EELS intensity of the sulfur L-edge increases (Figure 6f ) while the selenium L-edge decreases (Figure 6e ). The plural inelastic scattering background has been subtracted from these EELS spectra and the intensity of the sulfur and selenium signals are measured relative to the minimum intensity at the left of the spectra. The signal for the tungsten M-edge, however, overlaps with the tail of the selenium L-edge. Hence, the W signal is related to the height of the intensity step at the W M-edge, which is similar for the three regions. This is expected since, during the photo-conversion process, only the chalcogen atoms were replaced.
Similar experiments of laser-assisted chemical modification were successfully conducted in suspended monolayers of MoSe2, preliminary results are shown in the supplementary information. The conditions for MoSe2 require further optimization, however, the fact that partial or total photo-conversion was achieved in both materials (WSe2 and MoSe2) suggest that this approach could be implemented in a larger family of 2D materials. highly volatile species and the formation of high quality 2D TMD films. [18] Preparation of suspended TMD monolayer films: The TMD films were transferred from SiO2/Si substrates onto Ni TEM grids using a well-established wet transfer process. [18, 19] In brief, the However, in our experiments the Raman signal decreases to a finite value different from zero.
Supporting Information
Suggesting that not all the WSe2 exposed to the laser spot, which contributes to the Raman signal, is converted into a WS2. Due to the Gaussian intensity distribution of the laser, only the material exposed to the highest laser power, within the inner region of the spot, is The time evolution data for the Raman intensity of WS2 phonon modes was fitted with only one exponential function. From the experiments it can be observed that the relationship between the rate of change of the Raman intensity (dIWS2/dt) and the intensity IWS2 can be written using a linear dependence:
where, Imax is the maximum saturation value for the Raman intensity of these modes. 
